Introduction
Electrochemically splitting water into hydrogen and oxygen gasses is one promising means of scalable energy storage. However, current implementation of these technologies is limited by inefficient and expensive catalysis for the anodic oxygen evolution reaction (OER) shown in Eq. 1:
Abstract The nature of the electrochemical water splitting activity of layered pure and Fe-doped NiOOH is investigated using density functional theory calculations. We find similar thermodynamics for the oxygen evolution reaction (OER) intermediates between the layers of oxyhydroxides, that is, in the bulk of the materials as on the (001) surface. The effect of interlayer spacing on adsorption energy is affected by both the crystal structure and the level of hydrogenation of the active sites. For the Fe-doped NiOOH, we observe general weakening of binding between the different OER intermediates and the catalyst material. The calculated OER activity depends both on doping and interlayer spacing, and our results are generally congruent with available experimental data. These results suggest that such interlayer "bulk" sites may contribute to measured OER activity for both the pure and Fe-doped NiOOH catalysts.
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The current best references for oxygen evolution catalysis are oxides based on some of the scarcest metals on the planet [1] [2] [3] [4] [5] . However, recent work has shown similar activity for catalysts based on more earth-abundant 3d transition metals [1, 2, [6] [7] [8] [9] [10] [11] [12] [13] . Several authors have attributed the high OER activity of these materials to the formation of an oxyhydroxide or layered double hydroxide phase in operando [7] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] . Both of these structures are unique in that they form layers which may be interspersed with water and ions [8, 14, 18, 19] .
Particular recent interest has focused on nickel oxyhydroxide (NiOOH). Experimental characterization of these catalysts has proven difficult because of potential-induced changes in crystal structure [6, [20] [21] [22] . However recent work has successfully used in-situ Raman spectroscopy [6, 18, 23 ] and x-ray absorption techniques [7, 22] to describe atomic oxidation states, bonding environments, and crystal structure. At each step of the way, Density Functional Theory (DFT) calculations have complimented and supplemented our understanding of these catalysts' structure and activity [7, 16, 24, 25] .
Experiments have also shown that even trace amounts of metal ions in the working electrolyte may incorporate into the catalyst and substantially alter activity [14] . Since then many researchers have focused on doping these nickel hosts, showing increased activity in several cases (Fe, Mn, Cr, V) [9, 15, 16, 26, 27] .
Recent experiments also show that catalytic activity may scale with volume or catalyst loading as opposed to surface area [17, [28] [29] [30] . This suggests that an accurate model for these systems may need to account for activity beyond the surface, which we will explore here and refer to as the "bulk."
In this Letter, we explore how these bulk sites may be able to participate in the OER, hence contributing to the overall measured activity, and provide the explanation of the exceptional activity reported for some 3d transition metal oxides. We focus on pure and iron-doped nickel oxyhydroxide as a model system, although this study may provide insights for other layered catalyst structures and materials.
Theoretical Methods and Model Selection
Our predictions are based on quantum mechanical calculations performed with density functional theory (DFT). We used the Atomic Simulation Environment [31] interface to the Vienna ab-initio Simulation Package, version 5.3.5 [32] [33] [34] [35] . To balance accuracy and computational cost we used the spin-polarized PBE exchange-correlation functional [36] with an additional Hubbard (+U) term as proposed by Dudarev et al. [37] to account for on-site electronic repulsion. We chose to apply a value of 5.3 eV for the Hubbard correction (+U) on Fe atom orbitals based on previous work by The Materials Project, which performed a fit to minimize error in oxidation energies. For Ni atoms we selected a value of 6.64 eV to be more congruent with our other recent work [38] . We note that both of these values are within the typical range reported for catalysis on oxide materials, though slight variations are natural due to difference in code suite, functional, and pseudopotentials employed.
We modeled the core electrons of each atom with a projector augmented wave (PAW) pseudopotential, while the valence electrons were described using a plane wave basis with an energetic cutoff of 400 eV. For bulk calculations we sampled the Brillouin zone with a 4 × 4 × 6 Γ-centered Monkhorst-Pack k-point grid. Surface calculations used a similar 4 × 4 × 1 k-point mesh. Structures were relaxed such that the maximum force on any atom was below 0.05 eV Å −1
. For each ionic configuration, the electronic energy was converged to within 10 −4 eV. For bulk calculations with variable unit cell volume we used a 600 eV plane wave cutoff and a 8 × 8 × 12 k-point grid to minimize Pulay stress. As shown in the Supporting Information online, we confirmed that these calculation parameters represent a well-converged description of the OER activity in these materials.
We use the term "adsorption energy" to refer to the energetic interaction between an OER intermediate and the catalyst. We denote the free energy of adsorption of species X with the symbol G X . In this notation a higher value of G X corresponds to a weaker bond to X. These adsorption energies include contributions from the zero-point energies, vibrational entropy, and heat capacity as described in the Supporting Information. Notably this definition extends to catalytic activity of bulk sites.
We can model the effect of an applied voltage by applying the computational hydrogen electrode (CHE), which serves as a theoretical analogue to the reversible hydrogen electrode (RHE) as proton/electron pairs are held in equilibrium with hydrogen gas to account for pH effects. More information on the implementation of the CHE can be found elsewhere [39] .
We fixed the Gibb's free energy of reaction of water oxidation to the experimentally known value of 4.92 eV to avoid well-known DFT errors in calculations of gas-phase O 2 [40] . We describe the OER mechanism used in this study in Table 1 .
We define the theoretical limiting potential as the lowest applied bias under which all reaction steps are thermodynamically favorable. The theoretical overpotential is then the difference between the limiting potential and the equilibrium potential (1.23 V) corresponding to ideal catalysis. Therefore, we can express the theoretical overpotential as shown in Eq. 2:
This theoretical overpotential has previously been shown to correlate well with experimentally measured oxygen evolution activity [41] and more detailed kinetic models [42] . Figure 1 shows a schematic for the model system and supercell that we have employed. The structure of these systems is difficult to probe experimentally [43] , so we have started with a brucite-like crystal structure for Ni(OH) 2 . We then removed hydrogen to reach symmetric NiOOH, and then simultaneously relaxed all unit cell vectors and atomic positions. We note that our results are qualitatively similar and energetically competitive to other recently published results [20, 24, 25] , and that more information regarding this choice is available in the Supporting Information online. Notably, the exact distribution of H and Fe-dopants as well as intercalated cations that are present in most experimental setups introduce another level of complexity beyond our current models and accuracy. Surface calculations reported here focused on the (001) facet, which recent work has suggested will be the most stable [24] .
The reactions studied here proceed through one of two vacancies from the stoichiometric structure (either by
removing an O * or an HO * ) as shown in Fig. 1b . We will hereafter refer to them collectively as active sites. Such vacancy-mediated mechanisms have been proposed in the literature for NiOOH [44] , and experimentally observed for other transition metal oxides [45] .
Results and Discussion

Thermodynamics and Reactivity of Pure NiOOH
In Fig. 2 , we show the adsorption energies for all OER intermediates as a function of interlayer spacing. First and foremost, we find independently of the active site that there is effectively no change in G O as a function of interlayer spacing. This is quite similar to behavior reported in our earlier investigation for the rutile oxide [46] , and indicates that atomic oxygen is too small to show substantial crosschannel interaction.
However, we see some change in G OH due to confinement. As reported previously by Tkalych et al. [24] and shown in Fig. 2 insets, NiOOH prefers to adopt a "staggered" configuration where A and B sites exist across from one another. As such, an HO * intermediate in a Type B site will experience some H-H repulsion as the interlayer spacing decreases, which explains the destabilization shown. Meanwhile HO * in a Type A site may experience some slight stabilization due to the development of a hydrogen bond between layers. These effects were not seen in Ref. [46] due to differences in surface hydrogenation and crystal structure.
We find that it is energetically favorable for HOO * to reorient from an upright position to form a hydrogen bond back to the surface, as was proposed by Halck et al. for doped RuO 2 (see inset) [47] . Therefore we do not see any interlayer hydrogen bonding. For Type A sites (see Fig. 2 ) 
Thermodynamics and Reactivity of Fe-Doped NiOOH
Recent experimental work has shown over a 100 mV reduction in OER onset potential for NiOOH after exposure to even trace levels of iron, with a maximum activity at 25% doping in one study [14] . Therefore we have also investigated the role of 25% iron doping. Our original model has two inequivalent nickel sites, and we have considered iron substitution in both. We see a consistent difference in stability between these two dopant sites, and in the remainder of this Letter we will focus on the energetically preferred configuration (more information is available in the Supporting Information online). Figure 3 shows the effect on the adsorption energies due to the iron doping on bulk NiOOH sites in comparison to data for pure NiOOH. We consider three distinct active sites as shown in Fig. 1c . All reactants in Type B will be coordinated to two nickel and one iron atom, though active sites in Type A may be coordinated either to three nickel atoms (with iron as a second nearest neighbor) or two nickel atoms and one iron atom.
The effect of iron doping in Type B sites, for all three OER intermediates is effectively constant with respect to interlayer spacing (see the difference between doped (blue) and undoped (pink) circles in Fig. 3) . The magnitude of this shift is similar for all three intermediates, though slightly larger for more strongly bound adsorbates.
Iron doping in Type A appears more complicated. As in oxygen sites, doping simply adds a constant shift to predicted adsorption energies. However it is not immediately clear that these differences are as significant-data for each of these sites are contained within 0.1 eV, which represents an upper bound to the precision afforded by our current simulations.
In Fig. 4 we show changes in OER activity for both doped and undoped systems. We find that varying the interlayer spacing (as shown by arrows) allows us to move away from the dashed line representing the previously reported scaling relationship (G OOH ≈ G OH + 3.2 eV). [41] Because this leaves us with no suitable scaling relationships, here we have assumed that either the second or third steps of the reaction (outlined in Table 1 , corresponding to the x-axis and y-axis respectively) are potential-determining. This is generally accurate, and holds for all data presented here.
The impact of interlayer spacing on G OH outlined previously in this Letter leads to an overall shift in the traditional OER descriptor, the potential required to drive the second step (the x-axis). Additionally, the overall reduction in the potential required to drive the third step (the y-axis) is more subdued for these oxyhydroxides than rutile oxides because HOO * rotates to form a hydrogen bond to an adjacent site as discussed above. We note that the undoped Type A surface site is inactive for the OER and outside the scope of Fig. 4 . Fig. 1 . Discrete symbols represent calculated adsorption energies on bulk sites at the specified interlayer distance. Insets provide schematics for bulk H-H repulsion for G OH (center) and the preferred HOO * adsorption configuration (right). Horizontal lines correspond to adsorption on the corresponding (001) surface. More details on surface calculations can be found in the Supporting Information online. For d z < 6.5 Å HOO * dissociates white complicates the OER mechanism. Therefore we have not included those data in this study We see that interlayer effects reduce the potential required to drive both the second and third steps of the reaction on Type B sites. Conversely, we see that the opposite trend (upwards and towards the right) is true for Type A sites. Under the (currently valid) assumption that either of these steps is potential-limiting this corresponds to an increase in overall activity for Type A sites, and a decrease in activity for Type B sites. Meanwhile, iron doping increases the predicted activity of both Type A and Type B sites. These results suggest that any experimentally measured activity is more likely to be on the Type B site than the Type A site.
It is also informative to compare the bulk adsorption energies with those on the surface. Recent theoretical work suggests that the (001) surface facet should be the most stable for -NiOOH [24] . We provide this comparison in each figure: in Figs. 2 and 3 we indicate bulk adsorption with discrete symbols, and surface adsorption with horizontal lines. In Fig. 4 we show bulk catalytic data with black symbols, while surface data is shown with white symbols. In all cases, we find that energetic differences between adsorption in a bulk site and a surface site is within 0.2 eV. This suggests that the catalytic properties of the two different sites are likely to be similar -if one is OER active, the other is likely active as well.
The experimentally measured onset potential of ironfree NiOOH [14] (∼0.48 V) is also very similar to our calculated overpotential for undoped Type B "bulk" sites (0.43-0.48 V for the range of d z explored here). There is a slightly larger discrepancy between systems with 25% iron: measurements show an onset potential of 0.27 V compared to our predicted values of 0.35-0.42 V. We note that these differences may be due to iron-induced change in crystal structure, interlayer stacking, or hydrogenation levels, which we have not considered here.
Comparisons to previous theoretical findings are similarly encouraging. Similar calculations for a (0112) irondoped nickel oxyhydroxide surface also demonstrated that undoped NiOOH binds too strongly, and that incorporating an iron dopant decreases the binding strength on nickel sites [7] . However, that study concluded that oxygen evolution proceeded from a top site on an iron atom in a nickel host lattice, which neither the bulk model nor the (001) 4 Change in activity as a function of interlayer spacing and iron doping. Arrows indicate the change in activity as interlayer spacing decreases. Dashed line represents a common energetic scaling between discussed elsewhere, and is described by [41] . White symbols with black edges represent data calculated on a (001) surface facet studied here support [7] . We note, however, that the surface facet used here is likely to be more stable, as shown in another investigation [24] . Li et al. also recently demonstrated that iron generally weakens binding of OER intermediates to a NiOOH catalyst, though further comparisons with that study are difficult due to substantial differences in crystal structure and mechanism considered [25] .
Conclusions
In this Letter we used DFT+U calculations to explore the catalytic activity of NiOOH for the oxygen evolution reaction (OER). Our findings suggests that interlayer "bulk" sites have similar reaction thermodynamics to the (001) surface facet. We find that there are similar trends in adsorption energies with respect to interlayer spacing as in previous work with rutile oxides, but also note several examples of how differences in hydrogenation and crystal structure may impact those results. We also demonstrated that the OER is more likely to proceed in oxygen vacancies than from hydroxyl vacancies from the stoichiometric crystal. Further, we have showed that addition of an iron dopant generally weakens binding of OER intermediates, which increases predicted OER activity. Finally, we observe that our predicted activity for the most active bulk sites is similar to experimentally measured onset potentials.
These results indicate the exceptional OER activity measured for layered transition metal oxide materials may be due in part to activity in the catalyst subsurface. If true, this would provide new design criteria for engineering better catalysts, for instance, by finding ways to circumvent diffusion limitations. Future theoretical work could build upon the models presented here by incorporating an explicit electrolyte (including ions), performing kinetic analysis, and/or probing different oxidation states.
